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In this article, we address the question of how the flight efficiency of Micro Aerial Vehicles with variable wing geometry
can be inspired by the biomechanics of bats. We use a bat-like drone with highly articulated wings using shape memory
alloys (SMA) as artificial muscle-like actuators. The possibility of actively changing the wing shape by controlling the
SMA actuators, let us study the effects of different wing modulation patterns on lift generation, drag reduction, and the
energy cost of a wingbeat cycle. To this purpose, we present an energy-model for estimating the energy cost required by
the wings during a wingbeat cycle, using experimental aerodynamic and inertial force data as inputs to the energy-model.
Results allowed us determining that faster contraction of the wings during the upstroke, and slower extension during the
downstroke enables to reduce the energy cost of flapping in our prototype.
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1. Introduction
MicroAerial Vehicles (MAV) are a class of unmanned aerial
vehicles whose size is usually of the order of few centime-
ters of wingspan and mass less than few hundred grams
(cf. Figure 1). Thanks to their small size and high maneu-
verability, MAVs are ideal for many applications such as
reconnaissance in confined spaces, search and rescue, or
hazardous environment exploration. Because of their size,
however, the design of MAVs implies important techno-
logical challenges, such as, maniobrability and low power
consumption.
Recently, roboticists have started to demonstrate a spe-
cial interest in learning from nature as the key to optimize
flight efficiency.[1–4] The concept of morphing-wing Micro
Aerial Vehicles comes from nature.[5,6] Unlike insects and
birds, bat wings are provided with a complex musculature
and articulations that enable a high degree of dexterity.[7,8]
This allows bats to save more energy during flight than
any other flying creature.[9–12] Also, their massive wings
undergo large accelerations that are caused by inertial forces
with a significant contribution for maneuvering.[13]
One of the first works that attempted to reproduce bio-
inspired bat flight using SMA was presented in [14] and
[15]. Later in [16,17], it was carried out a study of different
materials for the wing membrane: nylon, spandex, and sili-
cone. Aerodynamic measurements demonstrated that
silicone-made membrane achieved higher lift-to-drag ra-
tios. Recently, in [18] it was proposed the design of a highly
∗Corresponding author. Email: coloradoj@javeriana.edu.co
articulated wing structure inspired by the morphology of
the Cynopterus brachiotus bat specimen. They chose that
species because its well-studied in-vivo wing kinematics
and aerodynamics. Results from [18] report experimen-
tal measurements that detail the inertial and aerodynamic
power involved in the cost of flapping and the contribution
of the wing inertia in the overall cost of flight.
In this article, we useBaTboT, a bat-like drone inspired
by the articulated wing design from Bahlman et al. [18],
and originally developed with the collaboration of Breuer
et al. [19]. BaTboT has highly articulated wings using shape
memory alloys (SMA) as artificial muscle-like actuators.
Due to size and weight limitations, classical servo-motor
technology may not be the most suitable actuation technol-
ogy for the purpose of morphing-wing control. In fact, most
of the prototypes designed in this field adopt alternative ac-
tuation technology based on functional (or smart) materials.
Based on the possibility of actively changing BaTboT’s
wing shape by controlling the SMA actuators, here we in-
troduce an energy-cost modeling framework for providing
insights on the energy consumption of the robot during a
wingbeat cycle. We aim to study how different wing modu-
lation patterns (wing extension/retraction) affect the energy
consumption, lift, drag, and net body force production. As
a result, we expect to find the most suitable wing modu-
lation pattern that enables our robot to generate more lift,
thrust, and reduce drag at the expense of acceptable energy
consumption.
© 2015 Taylor & Francis and The Robotics Society of Japan
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Figure 1. MAVs fill the niche of 1–50 cm wingspan and about
1–100 g weight.
2. The BaTboT
Starting from Bahlman’s robotic wing design [18] and with
the collaboration of Breuer et al. [19] we have developed the
robotic model illustrated in Figure 2, called BaTboT. Our
work is motivated by the potential behind bat flight and by
the lack of highly articulated morphing-wing aerial drones.
The skeletal structure of BaTboT wings can be actu-
ated by Shape Memory Alloy acting as artificial triceps
and biceps muscles. BaTboT has an overall mass of 125 g
(including battery) and is composed by two highly artic-
ulated wings (9 g) attached to a mainframe body (38 g).
Each wing of the robot has six degrees of freedom (DoF):
two DoF at the shoulder driven by a DC-motor, one DoF
at the elbow and three DoF at the wrist joint, both driven
by Nickel Titanium (NiTi) shape memory alloy muscle-
like actuators supplied by Migamotors. These muscles en-
ableBaTboT to change its wingspan from 40.8 cm (wings
retracted) to 53 cm (wings fully extended). The SMA artifi-
cial muscles are essential to provide mechanical simplicity
and lightweight to the morphing wing mechanism. Each
SMA actuator has a mass of 1.1 g.
In previous work [19], we carried out experiments to
determine how to increase the SMA actuation bandwidth
and the effects of SMA fatigue issues depending on the
applied power. Also in [20], we studied alternatives for
flight control by developing an inertial-model for estimating
the spatial forces produced by both massive wings and
its role for manoeuvring, i.e roll and pitch motions of the
robot. In this paper, we introduce an energy-cost modelling
framework that allows for the estimation of the energy
consumption for different wing kinematics, something that
is extremely difficult to perform in animals. Our work can
provide insights on:
(1) Designing highly articulated morphing wings
driven by SMA actuators.
(2) Characterizing SMA actuation and control.
(3) Increasing flight performance via proper wing mod-
ulation.
Appendix 1 briefly details how to control the morphing
wings using the SMA actuators based on previous work
[19].
3. Energy-cost modelling framework
The kinetic energy for both wings during a wingbeat cycle is
a contribution given by the inertia of composite-rigid-body
wing skeleton and the joint velocities. Likewise, the kinetic
energy changes depending on the wingbeat phase: down-
stroke or upstroke. To estimate the overall energy cost of the
flapping and morphing-wing motions and their impact onto
the robot’s center of mass, a rigid-body dynamic model for
BaTboT is required. This model calculates the spatial inertia
tensor or inertia matrix that defines the relationship between
BaTboT body velocity and momentum. The term spatial
refers to the use of six-dimensional (6D) vectors in which
the linear and angular components of rigid-body motion are
combined into a unified set of physical quantities.[21,22]
Hence, the inertia matrix Ib with respect to the body frame
{b} (see Figure 3) is estimated by the sum of the inertias of
all the rigid bodies that compose both wings. Note in Figure
3 that each wing of BaTboT is kinematically represented as
a serial chain of articulated rigid bodies i connected to a
floating base (body frame {b}).
In this paper, we use the measurements of lift, drag, and
thrust captured during wind tunnel experiments carried out
in [20] to provide a real input of the inertial and aerodynamic
forces to the energy model. Based on that, we first calculate
the spatial inertia (Ib) acceleration (V˙b) and velocity (Vb)
of BaTboT body to finally estimate the overall energy cost
(K ). The subscript b indicates that the physical quantity is
with respect to the body frame.
3.1. Inertia of the composite-rigid-bodyarticulatedwings
Each rigid-body i of the wing structure (see Figure 3) has a
6×6 inertia matrix corresponding to Ii = Sˆi,cm Icm SˆTi,cm , as
shown in (1). The subscripts {i} and {cm} indicate whether
the corresponding physical quantity is with respect the joint
frame or the center of mass frame, respectively. The expres-
sion Sˆi,cm Icm SˆTi,cm refers to the translation of the inertia
matrix calculated with respect to the center of mass frame
(Icm) by applying the parallel axis theorem. In this sense,
the term Sˆi,cm is a 6 × 6 matrix formed by the 3 × 3 skew
symmetric matrix s˜i,cm of the position vector si,cm that
connects the joint frame {i} with the center of mass frame
{cm} of the rigid body i , as shown in Figure 3.
Ii = Sˆi,cm Icm SˆTi,cm
=
[
U s˜i,cm
0 U
][
Ji,cm 0
0 miU
] [
U 0
−s˜i,cm U
]
=
[
Ji mi s˜i,cm
−mi s˜i,cm miU
] (1)
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Figure 2. The BaTboT: a highly articulated bat-like drone based on Bahlman et al., robotic wing design,[18] but driven by shape memory
alloy artificial muscles.[19]
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In (1), Ji,cm is the 3 × 3 inertia tensor that contains
the moments and products of inertia of the rigid body i
with mass mi , and the term U corresponds to the identity
operator. In order to propagate the inertias of the wings onto
the body frame {b}, spatial operators for translation (Pˆi−1,i )
and rotation (Rˆi,i−1) are required. The operators described
in (2) are 6×6 matrixes that depend on the wing kinematics.
The term p˜i−1,i is the 3 × 3 skew symmetric matrix of the
position vector pi−1,i that connects the joint frame {i − 1}
with the frame {i} as shown in Figure 3. The term ri,i−1 is
the 3 × 3 basic rotation matrix that relates the orientation
of frame {i} with respect to the previous frame in the serial
chain {i−1}. The wing frames detailed in Figure 3 are placed
based on the Denavit–Hartenberg (DH) parameters.[23]
Pˆi−1,i =
[
U p˜i−1,i
0 U
]
, Rˆi,i−1 =
[
ri,i−1 0
0 ri,i−1
]
(2)
Using the spatial operators in (2), the inertia matrix Ib
in (3) can be calculated by propagating the inertia of both
wings using the parallel axis theorem, where Io is the inertia
of the robot’s body and Ii is the propagated inertias of the
composite-rigid-body articulated wing skeleton.
Ib = Io + Rˆ1,0[ 1∑
i=n
(
Rˆi,i−1PTi−1,i
)
Ii (Ri,i−1PTi−1,i )T
]
(3)
3.2. Spatial velocities, accelerations and forces
Spatial velocities, accelerations and forces acting on the
robot’s body are denoted based on the Newton–Euler for-
malism using spatial operators.[21,22] As previously men-
tioned, spatial operators lead to six-dimensional physical
quantities with both angular and linear motions combined
into a single operator as:
Vb =
[
ωb
υb
]
, V˙b =
[
ω˙b
υ˙b
]
, Fb =
[
τb
fb
]
∈ 6x1 (4)
The terms ωb and υb are the corresponding angular and
linear velocities of the rigid body i and τb, fb the torques
and forces acting on that body. Here, the spatial forces Fb
have been experimentally measured, as shown in Figure 4.
BaTboT is mounted on top of a 6D force sensor from which
the components of Fb are quantified [20] with respect to the
body frame {b} as:
Fb =
[
τx0 τy0 τz0 fx0 fy0 fz0
]T (5)
In (5), the components of Fb are the thrust fT = fy0,
the weight of the robot fmg = − fz0, the vertical lift force
component fL = fz0 and the horizontal drag force compo-
nent fD = − fy0. The net lift L and drag D are calculated
in (6) as a function of the angle of attack α, as shown in
Figure 5.
L = fL cos (α) − fD sin (α)
D = fD cos (α) + fL sin (α) (6)
Finally, the net body force component Fnet (see
Figure 5) is quantified as:
Fnet = (L − fmg) + ( fT − D) (7)
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Algorithm 1 Energy-model framework
Input joint trajectory profile for each wing (cf. Figure 5):
θ ← [θrm f lap, θshoulder , θelbow, θ3rd , θ4th , θ5th ]
θ˙ ← [θ˙flap, θ˙shoulder , θ˙elbow, θ˙3rd , θ˙4th , θ˙5th ]
Input measured body forces:
Fb ←
[
τx0 τy0 τz0 fx0 fy0 fz0
]T
Extracting lift and drag forces acting on the body:
L = fz0 cos (α) − fy0 sin (α)
D = fy0 cos (α) + fz0 sin (α)
Calculating net forces from Fb, where fT = fy0 and fmg =
− fz0
Fnet = (L − fmg) + ( fT − D)
1. Backward recurrence for each wing:
for i = n → 1 do
2. Calculating rotation matrix using DH parameters:
ri,i−1 ←
[
cos (θi ) − cos
(
αdh,i
)
sin (θi ) sin
(
αdh,i
)
sin (θi )
sin (θi ) cos
(
αdh,i
)
cos (θi ) − sin
(
αdh,i
)
cos (θi )
0 sin
(
αdh,i
)
cos
(
αdh,i
)
]
3. Calculating translation vector using DH parameters:
pi−1,i ←
[
ai cos (θi ) ai sin (θi ) di
]T
4. Calculating spatial operators for rotation and translation:
Rˆi,i−1 ←
[
ri,i−1 0
0 ri,i−1
]
, Pˆi−1,i ←
[
U p˜i−1,i
0 U
]
,
Sˆi,cm ←
[
U s˜i,cm
0 U
]
6. Calculating the inertia for each rigid body i :
Ii ← Sˆi,cm Icm SˆTi,cm
7. Calculate and propagate spatial velocities onto the body
Vi ← Ri,i−1PTi−1,i Vi−1 + H θ˙i
8. Wing inertia propagation (for each wing)
if i ! = n then
Ii ← Ii, + [Ri,i−1PTi−1,i ]Ii+1[Ri,i−1PTi−1,i ]T
end if
end for
9. Calculating body spatial inertia
Ib ← I0 + R1,0(Ii )RT1,0
10. Calculating body spatial acceleration:
V˙b ← I−1b (Fb − ξ)
11. Calculating body spatial velocity:
Vb ←
∫ t f
ti V˙bdt
12. Calculate the energy cost:
K ← 12V Tb IbVb
return Fnet ,K
3.3. Kinetic energy
The kinetic energy of the system can be easily calculated as
the follows:
K = 12V Tb IbVb, (8)
where Ib ∈ 6x6 is the inertia matrix of the system calcu-
lated in (3) and Vb is the spatial velocity ofBaTboT body
calculated as:
16-bit ADC + 
anti-aliasing filter
SMA driver
Morphing-
wing control SMA resistance
measurement
Rsma
(force)
elbow,ref
uheating
airflow
force sensor
Fb
flap
elbow
Figure 4. Experiment setup. The robot is mounted on top of a 6D
force sensor from which the components of Fb are measured, cf.
(5). Both aerodynamic and inertial force data is then used as inputs
to the energy-model proposed in this work.
Fb = IbV˙b + ξ,
V˙b = I−1b (Fb − ξ),
Vb =
∫
V˙bdt
(9)
The term ξ is the non-linear velocity-dependent force com-
ponent vector, which is calculated as follows:
ξ =
1∑
i=n
([
Ii Sˆi,cm + I˙i
]
Vi
)
Vi =
1∑
i=n
⎛
⎜⎝Ri,i−1PTi−1,i Vi−1︸ ︷︷ ︸
propagated
+ H θ˙i︸︷︷︸
local
⎞
⎟⎠ . (10)
In (10), the term Vi corresponds to the spatial velocity of a
rigid body i and it is calculated by: (i) projecting the angular
speed of the joint i (denoted by θ˙i ) onto the corresponding
axis of motion: H θ˙i being H =
[
0 0 1 0 0 0
]T
and (ii)
propagating the spatial velocity effects from the wings to the
body: RTi,i−1Pi−1,i Vi−1. The energy cost model has the ad-
vantage of using spatial operators (6D vectors) that contain
both rotational and translation physical effects into a single
quantity. This enables to easily operate aerodynamic forces
(lift, drag) with inertial forces (weight, thrust), as shown in
(5). More importantly, Ib ∈ 6x6 has been calculated as the
Spatial-Inertia of both wings,[21] which enables to define
the relationship between velocity and momentum. Spatial
inertia is therefore a mapping from M6 to F6, being Mn
spatial motion vectors and Fn spatial force vectors. This
mapping is key in our model because the components of
Fb in (9) are spatial motion vectors. Also, the inertia of a
rigid body that is composed of multiple parts is the sum of
the inertias of its parts. Essentially, Ib contains the inertial
information of a 12 degree of freedom wings structure. The
Algorithm 1 details the procedure to compute the energy
model.
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Figure 5. Wing modulation kinematics: pattern of motion
described by the wing joints at a wingbeat frequency of fflap =
2.5 Hz.
4. Experimental measurements
Experiments show the impact of applying different wing
modulation patterns on:
(1) lift, drag and net body force generation, and
(2) energy cost. An interesting aspect of (8) relies on its
indirect dependency on the input forces Fb, since
it has been experimentally measured for different
profiles of flapping frequencies ( fflap), airflow ve-
locities (Vair ) and angle of attacks (α). The energy-
model framework described in Algorithm 1 can be
used for analyzing the energy needed to overcome
aerodynamic loads mostly during the upstroke phase
of the wingbeat cycle.
In the forthcoming experiments, wing modulation
patterns refer to the trajectory followed by the elbow join
(contraction/extension) during a wingbeat cycle. Figure 4
describes the experimental setup. Using the morphing-wing
control module (see more details on Appendix 1), we are
able to generate the wing joint trajectories shown in Figure
5. In the following experiments, we have set the primary
flapping motion (θflap) with a constant wingstroke amplitude
of 120◦. Therefore, our goal here is to actively change the
wing contraction and extension profile by controlling the
SMA actuators that drive the elbow joint (θelbow).
The robot features a hybrid actuation system, partially
actuated by a DC-motor which drives the primary flapping
motion (θflap), and SMA actuators for the morphing-wing
motion (θelbow). Both control signals are independent, as
shown in Figure A2. The flapping motion can be increased
up to 10 Hz, nonetheless, the SMAactuation speed limits the
morphing-wing motion to 2.5 Hz. Therefore, both flapping
and morphing cycles can be synchronized at a wingbeat
frequency between 2 and 2.5 Hz due to the limitations in
SMA actuation speed. Other limitations of our current robot
are listed as follows:
• The robot is tethered and mounted on top of a force
sensor. Therefore, it is not possible to directly ana-
lyze the effects that aerodynamic and inertial forces
have onto the 6D motion of the robot: rotation and
translation. However, we do have the 6D forces act-
ing on the robot’s center of mass. Using an inertial-
model developed in [20], we are able to estimate
the rotations of the robot, i.e. roll, pitch and yaw,
and even predict how the robot would behave in
free-flight for both forward and turning maneuvers.
• In our morphing-wing control scheme (seeAppendix
1), the electrical resistance of the SMA (Rsma) is
the only measured variable, and the controller is
servoing the electrical resistance to follow the com-
manded profile θelbow. We know that Rsma changes
linearly with the SMA strain that is kinematically
coupled to the rotation of the elbow joint (more
details on [19]), however, we do not have a direct
feedback of the angle position to ensure the tracking
error tends to zero.
• SMAfatigue issues: as an attempt to increase control
bandwidth, SMA are constantly subject to higher
stresses and larger input electrical currents, causing
a critical reduction of the nominal contraction speed
after several minutes of SMA continuous operation.
In previous work [19], we quantified the SMAactua-
tion speed under nominal (1.36 W) and overloaded
(3.06 W) input powers. On average, we measured
that after 1.5 minutes of SMA continuous opera-
tion, the morphing actuation frequency is reduced
by 30%. However, once the SMAactuators are com-
pletely cooled, they are able to raise the maximum
operating frequency (2.5 Hz) for another cycle.
• The silicone-based wing membrane lacks the me-
chanical and morphological properties of the bi-
ological counterpart. Bat’s membranes are highly
anisotropy, they have tiny embedded muscles and
even tiny hairs that sense airflow conditions [24].
Following the original wing design from Bahlman’s et
al. [18], the digits attached to the wrist joint are under-
actuated, which means their motion is linked to the elbow
actuation via steel tendons that connect the elbow with
wrist joint. Therefore, the morphing-wing motion is de-
scribed by the elbow joint angle θelbow and the wrist joint
angles θ3rd , θ4th , θ5th . These angles correspond to the digit
III, IV, and V, respectively. The applied kinematic pattern
in Figure 5 shows how during the downstroke phase both
wings extend to increase the lift surface, whereas during the
upstroke both wings retract to reduce drag, or aerodynamic
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Table 1. BaTboT’s morphological and modelling parameters.
Parameter Symbol (unit) Robot
Body mass (with battery) Mb (g) 125
Wings mass (with membrane) mw (g) 46.15
Wing membrane thickness (m) 0.0001
Extended wing length B (m) 0.245
Body width lm (m) 0.04
Body moments of inertia [Ib,xx , Ib,yy, Ib,zz] (gcm2) [1, 0.07, 0]
Extended wing span S = lm + 2B (m) 0.53
Extended wing area Ab (m2) 0.05
Humerus length lh (m) 0.055
Humerus moments of inertia [I2,xx , I2,yy, I2,zz] [gcm2] [0.03, 0.37, 0.93]
Radius length lr (m) 0.070
Radius moments of inertia [I3,xx , I3,yy, I3,zz] (gcm2) [0.07, 0.92, 0.37]
friction. During wing contraction and extension, the lifting
area varies from 0.0385 to 0.05 m2. Table 1 describes the
numerical values for modelling parameters.
The column (a) of Figure 6 summarizes the results of
applying three different wing modulation patterns (elbow
joint profile θelbow). Such profiles differ in the proportion
that the wing takes for contraction and extension during
the wingbeat cycle. The wing modulation patterns are not
periodic due to the behavior of the SMA actuators. First of
all, the elbow position is indirectly calculated by measuring
the changes on SMA wire electrical resistance: it changes
almost as a linear function of the angular position of the el-
bow joint [25]. One might expect that the resistance-motion
relationship provides a feasible measurement of the elbow
angle at any condition, but instead, accumulative errors are
introduced during the estimation of θelbow. This issue intro-
duces serious disturbances to the morphing-wing controller
that are difficult to reject and it also causes variations on the
motion range of the elbow joint.
The column (b) of Figure 6 shows the aerodynamic data
corresponding to the applied wing kinematics from column
(a). The aerodynamic data has been captured within a wind-
tunnel using a force sensor attached to the body of the
robot, as shown in Figure 5. The lift (CL ) and drag (CD)
coefficients have been calculated from the aerodynamic
force measurements in (6), as:
CL = 2L
(
ρV 2air Ab
)−1
CD = 2D
(
ρV 2air Ab
)−1
,
(11)
with air density ρ = 1.2(Kgm3) and wing area Ab =
0.05(m2). Measuring 16 data points of CL and CD has
taken one minute per angle of attack. In other words, the
robot remained fixed at the corresponding angle of attack
for one minute of continuous operation. Once the SMA
wires were cooled again, the actuator raised the maximum
operating frequency for another minute (fatigue issues).
As it can be observed from the mid and bottom plots of
the Figure 6(b), the lift coefficient decreases and the drag
coefficient increases depending on the wing modulation
pattern applied. In both cases, the upstroke portion of the
wingbeat cycle takes longer (see mid and bottom plots of
the Figure 6(a)), which means the wings generate more drag
and less lift compared to the modulation pattern described
by the top plot of the Figure 6(a).
The column (c)of Figure 6 shows how the net body forces
(see Fnet in (7)) are also affected by changing the wing mod-
ulation patterns from column (a). Comparing the bias of the
net body forces between the mid and top plots of Figure 6(c),
Fnet is increased by 28%. Table 2 summarizes the numerical
data. The experiments have confirmed that the net body
forces decrease by applying wing modulation patterns with
equal proportions of wing contraction–extension (medium-
plots) or when the wing contraction during upstroke takes
longer (bottom plots). However, despite the elbow joint mo-
tion is not periodic due to the SMA actuators, Fnet remains
periodic because the flapping motion of the robot is periodic.
Actually, the flapping motion (driven by the shoulder angle)
is the only one that is periodic, as shown in the blue plot of
Figure 5 (θflap). In free flight, the robot should pitch forward
and backward following the natural oscillation produced
by the wingbeat (downstroke/upstroke). This is why Fnet
oscillates periodically.
In general, the wing modulation pattern depicted in the
top plot of Figure 6(a) enables more performance in terms
of lift, net body force generation and drag reduction than
the other ones (medium and bottom plots). This is achieved
thanks to the fact that the elbow joint contracts faster dur-
ing upstroke and sufficiently to reduce the wing area at
minimum span: on average, the upstroke should take about
37.5% of the wingbeat period. Despite aerodynamic loads
are mostly produced in the upstroke due to drag forces, our
goal is to apply a wing modulation pattern that reduces the
energy consumption during the upstroke phase. The energy
profiles can be observed in Figure 7. The top plots show
the kinetic energy calculated with the model described in
Section 3. Note that the columns (a), (b) and (c) correspond
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Table 2. Numerical data from experiments in Figures 6 and 7.
Experiment α(◦) Vair (ms−1) ¯fflap(Hz) CL CD f¯L (N) ¯fD(N ) fmg(N) ¯Fnet (N) Kpeak (J)
Top 10 5 2.25 1.5 0.152 ¯1.12 ¯0.11 0.77 0.115 0.0019
Middle 10 5 2.25 1.23 0.3 ¯0.92 ¯0.22 0.77 0.09 0.0018
Bottom 10 5 2.25 0.48 0.17 ¯0.36 ¯0.12 0.77 0.021 0.0013
(a) (b) (c)
Figure 6. (Experimental) influence of applying different wing modulation patterns on lift, drag, and net body force generation. Airspeed
in the wind tunnel Vair = 5 ms−1, wingbeat frequency fflap = 2 Hz, wingstroke amplitude (flapping) θflap = 120◦ : (a) close-up to a
wingbeat cycle for a set of wing modulation patterns driven by θelbow. The wing area changes from 0.05 to 0.0385 m2 when wings are
fully retracted. (b) The impact of changing the wing modulation patterns on: the lift coefficient CL and drag coefficient CD as a function
of the angle of attack α, and (c) net body force generation Fnet measured at the center of mass of the robot. Net forces have been measured
at α = 10◦.
to the kinetic energy for the experiments shown in Figure 6
respectively.
The bottom plots of Figure 7 show a close-up to a wing-
beat cycle. Unlike the energy cost profiles shown in the
columns (b) and (c), the energy cost profile shown in the
column (a) is homogeneously distributed during the entire
wingbeat.As demonstrated by [9], the energy cost measured
in real bats is approximately homogeneously over the course
of a wingbeat cycle.Also, the energy cost is lower during the
upstroke phase than the one required during the downstroke.
This result might prove that a faster wing contraction might
enable the robot to counteract aerodynamic load effects
(mostly produced in the upstroke).
In conclusion, the reason about why the wing modulation
patterns shown by the mid and bottom plots of Figure 6(a)
display such a poor performance in terms of lift generation,
drag reduction and net body force generation (cf. Figure
6(b) and (c)) is clearly observed in the energy cost profiles
of Figures 7(b) and (c). During flapping, the upward and
backward accelerations of the wings produce an inertial
force that will move the body forward and downward with
respect to the wingstroke. The upstroke phase is crucial
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(a) (c)(b)
Figure 7. Energy cost profiles obtained from the applied wing modulation patters from 6(a). The plots in the bottom close up the energy
cost during one wingbeat cycle: downstroke and upstroke. The kinetic energy has been measured at α = 10◦.
because mostly of the thrust that is essential to drive the
robot forward is generated during the upstroke, whereas lift
forces are mostly generated during the downstroke. Note
that during the downstroke phase, the energy cost is low
because despite that both wings extend faster, low spatial
body velocities (Vb) are produced: in free-flight, the robot’s
body should accelerate forward during upstroke, not during
the downstroke [13,20]. Also, by extending the wings faster
during the downstroke, the lifting area of the wing profile is
reduced from 0.05 to 0.0385 m2, which in turn causes poor
lift generation.
5. Conclusions
In this work, we were inspired by the unmatched flying
skills of bats. Based on the biological studies cited earlier,
our working hypothesis of improving lift, net body force
generation and energy cost was achieved by the proper
control of the wing’s geometry. To test such hypothesis
and provide a quantification of the above described effects,
we have studied how different wing modulation patterns
might affect the overall performance of BaTboT’s wing
movements. We have found that in our robotic model, the
contraction time of the wings during the upstroke should
be faster than the extension time during the downstroke;
on average, the upstroke should take about 37.5% of the
wingbeat period. This enables to reduce the drag coefficient
from 0.3 to 0.152 (50%) and to drastically increase the
lift coefficient from 0.48 to 1.5. Also, net body forces are
increased by 28% (from 0.09 to 0.115 N) at the expense of
an acceptable energy cost peak of 0.0019 J. The upstroke
phase of the wings is crucial because during that period of
time the downward motion of the wings makes the center
of mass of the robot to accelerate forward as long as drag
forces are low.
By now, the SMA bandwidth limitation does not allow to
increase the wingbeat frequency higher than 2.5 Hz. There-
fore, the results presented in this paper cannot be completely
generalized or linearly scaled to higher frequencies, but the
experiments show positive insights on how performance is
behaving (lift, drag, Fnet , energy), at least at lower frequen-
cies.
The three scenarios depicted in Figure 6 reflect the dif-
ferences of applying slower, faster or equal periods for wing
contraction–extension during downstroke and upstroke. Un-
fortunately, SMA inaccuracy in terms of position track-
ing and actuation speed (see Figure A3) does not allow
to perfectly quantified which is the exact elbow pattern
that maximizes lift and reduces energy consumption. To
solve this, an optimization approach must be addressed, in
which the wing profiles result as the output of minimizing an
energy cost function. Upcoming work will be focus on how
to optimize the performance of the robot and to improve
the accuracy of the SMA actuators. It is also necessary
to investigate high-frequency response of the SMAs and
the possibility of using high-bandwidth force control as a
possible approach to enable higher wingbeat frequencies
and remove fatigue issues.
Also, we need to increase lift and net body forces to
clearly counteract the robot’s weight. In fact, real bats with
a mass between 100 and 200 g flap between 5 and 15 Hz
depending on the maneuver, and generate an average lift
coefficient of around 1.0, as shown in the figure 5 from
[10]. It seems like we are not too far away from those
numbers; however, most of the amazing dexterity, maneu-
verability, and efficiency presented by real bats is due to
their bio-mechanics: body control, hundreds of muscles,
their sensing apparatus, etc. We expect that some of the
results obtained with the tethered robot, give us a clear
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vision about the path that we need to follow on pursuing
free flight.
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Appendix 1. Morphing-wings driven by SMA muscles
Shape memory alloy actuators acting as biceps and triceps arti-
ficial muscles are connected to the elbow joint, providing direct
actuation over θelbow and enabling an elbow rotation range of
60◦. The Migamotor actuator consists of six wires of SMA with
150 mu of thickness which are attached to metal strips stacked in
parallel. Each SMA strip pulls when heated to make a stroke of
4mm. SMA actuators provide powerful linear actuation to control
the wing modulation by means of reproducing the functioning
of the biceps and triceps muscles. Basically, SMA wires contract
upon the heating that is produced by an electrical current and then
recover the original length when cooled. This is known as the
shape memory effect. The more input power is applied to SMA,
the faster will contract, but the lower will extend. Besides, over-
stressing the NiTi wires might cause physical damage to the shape
memory effect.[26]
Figure A1(a) details the experimental setup for SMA dynamic
characterization based on the frequency response methodology
presented in [26]. In general, the applied heating power uheating =
a+b sin(2π f t) is converted to a current signal using the nominal
value for the SMA wire electrical resistance provided by the man-
ufacturer (Rsma = 8.5 
). The output force (F) is measured using
a sensor with 0.318 gram-force of resolution and then mapped to
a torque value corresponding to the elbow joint torque. Note in
Figure A1(a) that an antagonistic configuration composed by two
SMA actuators are required for actively controlling the direction
of the elbow joint rotation. Each SMA actuator produces an output
pull-force that subsequently generates a torque acting on the elbow
and wrist joints (τelbow).
The magnitude and phase of the sine wave component of the
signal F are measured over a frequency range from 0.1 to 100 Hz in
order to characterize the SMAactuation.Aleast-squares methodol-
ogy is used for extracting the sine wave component in the recorded
force data (F). Figure A1(b) shows that the SMA frequency re-
sponse is similar of a first-order linear system, where the frequency
at which the change of slope in magnitude occurs is known as a
pole (s = −2.857). Several measurements have indicated that the
suitable transfer function that fits the experimental data are:
τelbow = 0.016(0.35s + 1)−1uheating (A1)
The first-order linear system in (A1) is validated by comparing
its time-response against the experimental data measured using the
force sensor. That comparison is shown in the bottom plot of Figure
A1(b). The measured output torque was generated by applying an
input power of the form: uheating = a + b sin(2π f t) with a DC
bias of the input power of a = 3.06 W, an small-signal amplitude
of b = 2 mW and a driven frequency of f = 2 Hz. The applied
input power corresponds to an input current of Isma = 600 mA.
Table A1 reports operation data of the SMA actuators.
Once the model in (A1) is validated, we propose a control
architecture for regulating the wing shape (see Figure A2). The
control strategy is driven by a Proportional-Integral-Derivative
(PID) controller of the form: uheating(s) = Kp + Ki s−1 + Kds
with parameters tuned based on the actuation dynamic model from
(A1). Such parameters are Kp = 35, Ki = 0.006 and Kd = 0.08.
In Figure A2, the module called morphing-wing joint trajec-
tories generates modulation patterns for both shoulder and elbow
joints. The shoulder reference is mapped to a DC motor that drives
the primary flapping motion whereas the elbow reference is an
input to the PID controller. The position error is determined by
comparing the elbow reference against the feedback of the elbow
joint position, which in turn is estimated by means of measuring the
electrical resistance of the SMA wires (Rsma) within the control
loop. SMA can be used not only as actuators, but also as sensors
[27]. The electrical resistance of the SMA wires (Rsma) changes
linearly with the SMA strain that is kinematically coupled to
the rotation of the elbow joint (θelbow). Further details about the
morphing-wing controller can be found in [19].
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Table A1. SMA actuation data.
Parameter Value
Wing contraction speed θ˙elbow[deg/s] ∼ 300a
Input heating power P [W] 3.06
Input heating current Isma [mA] 600
Output torque τelbow [Nm] 0.02
The elbow rotates 60◦ in 200 ms
(a) (b)
(c)
Figure A1. (a) Setup for SMA dynamic characterization, (b) SMA dynamic characterization based on the frequency response methodology
presented in [26], (c) output-torque is measured by applying small-signal power of the form: uheating = a + b sin(2π f t) with f = 2 Hz.
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Figure A2. Morphing-wing control architecture.
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Figure A3. (Left) elbow joint trajectory profile at f = 2.5 Hz, the dashed line highlights how the amplitude changes during each wingbeat
cycle. (Right) close-up to a wingbeat cycle: a set of elbow joint profiles depending on SMA actuation uncertainties.
